The spatial distribution and characteristics of fine roots (< 2 mm in diameter), and rhizosphere soil properties were studied in a mixed planted forest of black locust (Robinia pseudoacacia L.) and velvet ash (Fraxinus velutina Torr.) 27 years after planting in a coastal saline soil of the Yellow River delta, China. The results of fine root analysis showed that the fine roots of both black locust and velvet ash were mainly distributed in the soil layer at 0-20 cm depth and 50-150 cm from trees. The fine root distribution of both species suggests a strategy of avoiding salinity rather than salt -tolerance. The horizontal spread distance of fine roots of velvet ash was evidently longer than that of black locust. The fine root biomass, specific root length, specific root area, specific root volume and root activity were significantly higher for velvet ash in comparison with black locust. The results of soil analysis showed that rhizosphere soil pH of black locust and velvet ash were significantly lower compared with non-rhizosphere soil. The available N content in rhizosphere soil of black locust was higher than that of velvet ash. However, the contents of soluble salt, organic matter, available P and available K in rhizosphere soil of velvet ash were higher than those of black locust. The above results indicated that the differences between black locust and velvet ash in fine root distribution, characteristics and rhizosphere soil properties were the major reasons for that velvet ash showed stronger acclimation responses than black locust to the coastal saline soil.
Introduction
Salinity is one of the most severe abiotic stresses affecting plant growth. It can damage or reduce nearly all functions of the plant (Gu et al. 2012) . Approximately 10% of the world's arable land surface consists of saline or sodic soils and the salinization of soils and waters is indicated as one of the leading processes contributing to a worldwide biological degradation (Francois and Maas 1999) . Much of salt-affected land is suitable for plantation forestry (Singh 1975) and can be used to help increase supplies of fuel and industrial wood. Tree plantations also provide important contribution in soil and water conservation (Young 1988 ). However, reports have shown that forest trees are prone to salt stress (Geburek 2000) . Sustained and profitable production of forest trees on salt-affected soils is possible if appropriate management decisions are made. One method of improving the productivity of salt-affected land is to plant salt-tolerant tree species.
The Yellow River delta is a region of northeast Shandong province, China, bordering on the Bohai Sea. The region is formed by silt deposition from the Yellow River and supports the extraction of natural resources and other industrial activities, such as crude oil and natural gas prospecting, crude salt extraction, production of chemicals, mechanics, food processing, pulp industry and electricity generation (Zhang and Li 2002) . The ecosystems on the Yellow River delta are very fragile and lack resilience against severe soil salinization caused by human activities. Therefore, it is important to restore degraded land by increasing forest cover and improving soil condition. In 1980, the Shandong provincial government initiated a forestation project aimed at protecting the environment and ameliorating soil conditions over a 20-year time span. Since then, a lot of pure or mixed species forests were established with some salt-tolerant tree species including black locust (Robinia pseudoacacia L.), velvet ash (Fraxinus velutina Torr.), Siberian elm (Ulmus pumila L.) and Tree-of-Heaven (Ailanthus altissima (Mill.) Swingle).
Black locust is one of the fastest-growing broad-leaf tree species in the world. The tree has enormous ecological and economic value in addition to salt-tolerance (Boring and Swank 1984; Mierzwa et al. 2009 ). Black locust has been planted in the Yellow River delta since the 1980s. At present there are 6000 ha of black locust forest growing as pure or mixed stands, depending on the specific land-use systems, which play an important role for windstorm prevention, soil and water conservation, and climate improvement in the Yellow River delta (Song 2001) . However, a large-scale forest dieback caused mainly by soil salinity, has resulted in the degradation of tree productivity and ecological benefits. Because of its fast growth rate and salt stress tolerance, velvet ash is also a promising tree for reforestation in the saline soils and has been widely planted for revegetation in the Yellow River delta. Mixed planted forest of black locust and velvet ash was established on a large scale in the 1980s. They are now standing about 30 years old in the coastal saline soil where differences in these two species under these conditions can be studied.
Roots provide detrital carbon to soil organisms and are an important variable influencing the effectiveness of forest ecosystem in absorbing water and nutrients from soils and improving soil quality (Groffman et al. 1992) . Although the biomass of fine roots (diameter less than 2 mm) contributes relatively little to total tree biomass (Norby and Jackson 2000) , fine roots are major contributors to carbon inputs because of their rapid turnover. The fine roots fulfill mainly nutritional, metabolic and symbiotic functions. Fine root productivity often exceeds aboveground productivity in forest ecosystems, despite the fact that live fine root biomass constitutes only a small fraction of total stand biomass (McClaugherty et al. 1982; Le Goff and Ottorini 2001) .
Black locust is adaptable to environmental extremes such as drought, air pollutants, and high light intensities (Hanover 1989) . Various researches have focused on the distribution and dynamics of fine roots of black locust, especially in dry regions (Boring and Swank 1984; Li et al. 2002; Wang et al. 2004; Yan et al. 2008 ). However, relatively few studies have been carried out about the fine roots of black locust growing in the saline soils. Despite a wealth of information on velvet ash that has been compiled, largely in breeding and cultivation (Copeland 1960; Wang et al. 2007; Yu 1996) , no reports are available about the fine roots of velvet ash in salt-affected soils.
The rhizosphere is the zone of soil surrounding a plant root where the biology and chemistry of the soil are significantly influenced by living roots. This zone is about 1-2 mm wide, but has no distinct edge (Bertin et al. 2003) . Rather, it is an area of intense biological and chemical activity influenced by compounds exuded by the root, and by microorganisms feeding on the compounds. The chemical components of rhizosphere can be very different from that of bulk soil due to root exudation, nutrient uptake and microorganism activity (Wang and Zabowski 1998) . Soil salinity and tree species might affect the physio-chemical characteristics and biological properties of rhizopshere soils of different trees in the same mixed forest. However, less information is available on rhizopshere soil characteristics of black locust and velvet ash in saline soil.
We hypothesized that fine root distribution, characteristics and rhizosphere soil properties differ significantly between black locust and velvet ash in coastal saline soil, which accounts for the differences between the two tree species in growth performance to some extent. To test our hypothesis, we investigated the distribution, morphology, and activity of fine roots as well as rhizosphere soil properties of the two species. The objective was to define the adoptability of two tree species under long-term soil salinity stress in the Yellow River delta.
Materials and methods

Site description
The study was conducted in Gudao township, Dongyin city, Shandong province of north China (37°53´N, 118°48´E, and 2 m above sea level), which is located in the central part of the Yellow River delta. This region has a temperate monsoon climate, with an average annual rainfall of 574.4 mm. The average rainfall is between 364.5 mm for the summer and 20.7 mm for the winter (part of rain falls as snow), respectively. The mean annual temperature is 12.3 °C with January being the coldest month (-3.0 °C) and July the warmest (26.6 °C) and frost occurs only from November through March. The morphology of the region is flat and the soil texture is fluvo-aquic loam. Main characteristics of topsoil (0-20 cm) in the research site included 1.6 g kg -1 organic matter, available nitrogen (N) 75.4 mg kg -1 , available phosphorus (P) 4.0 mg kg -1 and available potassium (K) 92.6 mg kg -1 (Lu 1999) . The available N, P and K were ammonium and nitrate extracted by potassium chloride, sodium bicarbonate extractable phosphorus (Olsen P) and ammonium acetate extractable potassium, respectively. Soil pH and salt content were 8.8 (1: 2.5 soil/water suspension) and 0.08 mg kg -1 , respectively. The mixed forest of black locust and velvet ash was established in 1985 by hand planting one-year-old seedlings in alternate rows. Plant density was 1333 tree ha -1 with 3 m between-row and 2.5 m within-row spacing. After planting of black locust and velvet ash, the mixed forest land were fenced to avoid human disturbance.
Field investigation and sampling
Field investigation and sampling were designed to compare the differences of black locust and velvet ash in aboveground growth, fine root distribution and rhizosphere soil characteristics. In September 2011, three sampling plots were selected in the mixed stands. Each plot was 20 by 30 m, providing 5 rows of black locust and another 5 rows for velvet ash. For each plot, all trees were measured for height, DBH (diameter at breast height) and canopy area. The numbers of live trees of black locust or velvet ash were recorded to calculate their survival rate. The average height, DBH, and canopy area was 6.53 m, 16.32 cm and 34% for black locust, and 9.05 m, 20.43 cm and 52% for velvet ash, respectively. The survival rates of black locust and velvet ash were 43.3% and 57.4%, respectively.
In each plot, 3 trees of black locust and velvet ash with diameter close to their species average value were randomly selected to sample fine roots and rhizosphere soil. The sampling distance was 0-250 cm from the stem of each selected tree toward the nearest tree of another species. The fine root samples of the tree were collected by excavating the soils from a profile of 50 cm × 60 cm (width × depth) at horizontal distances of 0-50 cm, 50-100 cm, 100-150 cm, 150-200 cm and 200-250 cm from the stem, which were separated into 3 20-cm horizons. Rhizosphere soil was collected according to the procedures described by Wang and Zabowski (1998) in the following way: taking the roots out of the soil with minimum injury, generally shaking the roots until the soil not tightly adhering to roots was removed and then collecting the soil closely adhering to the root system by putting the roots into a paper bag and vigorously shaking them. After washing, fine roots (diameter < 2 mm) in each of 15 sections were manually separated from coarse roots. Color (yellow for velvet roots and grey for black locust roots) was used to distinguish roots of the two species. In each plot, three soil profiles were randomly selected to sample non-rhizosphere soil as control. Soil samples were collected from 0-20 cm, 20-40 cm, 40-60 cm depths with a 5-cmdiameter tube auger after removing all roots from soil to avoid mingling with a small amount of rhizosphere soil adhering to roots.
Analysis of fine roots and soil sample
Fine roots were separated into live and dead fractions based on the elasticity of their tissues and the color of the cortex (Tufekcioglu 1999) . Live roots were yellow (for velvet ash) or grey (for black locust), elastic and free of decay. However, dead roots were brown (for velvet ash) or black (for black locust), broke easily and were in various stages of decay. Only live roots were included in the following analyses. After scanning, they were processed with WinRHIZO (Regents Instruments Inc. Quebec, Canada) to obtain length, surface area, volume and diameter. In order to compare the fine root activity of black locust and velvet ash, a part of fine roots were taken out to determine activity by the TTC (2,3,5-triphenyl tetrazolium chloride) reduction method of Yoshida (1966) . The fine-root viability was expressed as the amount of TTC reduced per gram of root fresh mass per hour (µg g -1 h -1 ). Finally, roots were dried in an oven at 80 °C for 48 hours and weighed. The fine root biomass was expressed as the oven dry weight per soil volume (g l -1 ). Based on these measures, the three morphological ratios, specific root length (SRL, fine root length to dry weight, m g -1 ), specific root area (SRA, fine root area to dry weight, cm 2 g -1 ) and specific root volume (SRV, fine root volume to dry weight, cm 3 g -1 ) were calculated.
The properties of rhizosphere soil were analyzed according to standard methods described by Lu (1999) . Available N content was determined by an indophenol blue colourimetric method. Available P content was extracted by 0.5 M sodium bicarbonate and measured using ascorbic acid-ammonium molybdate method. To determine available K, rhizosphere soil was extracted by ammonium acetate and determined with a flame spectrophotometer. Total soluble salt content was extracted by water (1:5, w/v) and determined gravimetrically by digesting the soil water extract with H 2 O 2 , evaporating to dryness and weighing the residues. Soil pH was measured using an electrode pH-meter in a 1:2.5 soil:water suspension. Soil organic matter was determined using the Walkey-Black method (Walkey and Black 1934) .
Data analysis
The data on root biomass, fine root activity, and soil properties were analyzed as a factorial design with three soil layers and three soil types (control, rhizosphere of velvet ash, and rhizosphere of black locust) as factors. For fine root morphological parameters, an unpaired t test was used to analyze difference for SRL, SRA, SRV and average diameter between black locust and velvet ash. Two-way analysis of variance (ANOVA) was carried out to compare the fine root biomass, fine root activity and rhizosphere soil characteristics of black locust and velvet ash. When the ANOVA analysis found significant differences between treatments, the LSD (Least significant difference) test was conducted to detect differences between individual treatment level means. All statistical analyses were performed at a significance level of p < 0.05. ANOVA and multiple comparisons were performed using SPSS software (version 15.0; SPSS Inc., Chicago, Illinois). All results in figures and tables were given as the mean of three plots. The data of each plot was the mean of 3 trees.
Results
Fine root distribution in soil
Total weights of fine roots in the 0-20 cm soil layer for both black locust and velvet ash were significantly higher than those in the soil layer of 20-40 cm or 40-60 cm, respectively (Fig. 1) . Regarding the vertical distribution in the soil profile, fine roots are concentrated into the uppermost soil layer. Compared with black locust, the fine root biomass of velvet ash in the depth of 0-40 cm was significantly higher. However, in the soil layer 40-60 cm the fine root biomass of velvet ash was significantly lower than that of black locust. The average values of fine root biomass were 0.10 g l -1 and 0.12 g l -1 for black locust and velvet ash, respectively. The results indicated that velvet ash had more fine roots than black locust (p < 0.05), mainly distributed in the soil layer of 0-20 cm. The distributions of fine roots of black locust and velvet ash in the soil with increasing distance from stem are shown in Fig. 2 . The spread distance for velvet ash was 250 cm from stem, much longer than 150 cm for black locust. However, few fine roots were found in the distance of 0-50 cm close to the stem of velvet ash. The highest biomass of fine roots for both tree species was 50-100 cm from the stem. In comparison, velvet ash distributed fine roots within a more sizable zone in the saline soil than black locust.
Fine root characteristics
The values of fine root morphological parameters for velvet ash tree (Table 1) showed clearly, that the SRL, SRA and SRV of fine roots were higher than those for black locust. Statistical analysis indicated that the differences in these parameters between the two trees were significant (p < 0.05). However, there was no significant difference in average diameter of fine roots between black locust and velvet ash.
Because the fine roots of black locust and velvet ash were mostly concentrated into the soil profiles within the horizontal distance of 50-100 cm from stem, the fine roots at this distance was selected to compare root activity of the two trees in this study. The decline of root activity with increasing soil depth is observable (Fig. 3) . The fine root activity of velvet ash was significantly higher than that of black locust, with an increase of 5.77, 6.95 and 0.63 times in the soil layers of 0-20 cm, 20-40 cm and 40-60 cm depth, respectively. It is suggested that the fine roots of velvet ash have higher viability than black locust in the coastal saline soil.
Rhizosphere soil properties
The rhizosphere soil properties of black locust and velvet ash in the mixed forest are presented in Table 2 . In all rhizosphere and non-rhizosphere soils, pH and soluble salt content were increased with an increase of soil depth. The contents of organic matter, available N, P and K had the similar pattern of vertical change in the soil profile, i.e. decreasing with increasing soil depth. Compared with the control, rhizosphere soil pH for both species was significantly less in the same soil layer. However, the other five variables of rhizosphere soil for both black locust and velvet ash were higher than those of non-rhizosphere soil.
In the rhizosphere soil of velvet ash, pH and available N were lower than those of black locust in the same soil depth. Conversely, contents of soluble salt, organic matter, available P and available K were higher in the rhizosphere soil of velvet ash than in black locust soil, respectively. The soil properties in the rhizosphere of both black locust and velvet ash were improved to some extent, due to lower pH and soluble salt content, and higher contents of organic matter, available N, P and K in comparison to non-rhizophere soil. The effects of afforestation on rhizosphere soil properties varied with tree species. 
Discussion
The pattern of fine root distribution decreasing with soil depth was similar to that in many forest ecosystems (Bennett et al. 2002; Makkonen and Helmisaari 1998) . This may reflect the distribution of nutrients returned to the soil by litterfall, canopy leachates and stemflow, and the trophotaxis of fine roots (Yang et al. 2004 ). Ford and Deans (1997) stated that high concentration of fine roots in the surface soil layer of the forest are related to higher nutrient concentrations when there is enough moisture to encourage decomposition of the organic litter and release of nutrients on the surface soil, particularly during active growth periods. The comparison between black locust and velvet ash showed that a significant difference of fine root biomass existed in the soil profile, which might be mainly ascribed to genetic differences between the tree species . A high tissue mass density is generally associated with species characteristic of stressed environments (Ryster 2006) . In costal saline soil of the Yellow River delta, the soluble salt content in the surface soil layer is relatively low compared to the deeper layers (Xing and Zhang 2006) . The high concentration of fine roots of both tree species in the surface soil layers of the forest was beneficial to their acclimation to the saline soil. The fine root distribution of both species suggests a strategy of avoiding salinity rather than salt-tolerance. In comparison, velvet ash showed a stronger acclimation response than black locust. In the horizontal direction, the fine root biomass of black locust was distributed within the distance of 0-150 cm from the tree trunk, mainly within 50-100 cm. The findings are comparable to the results of Wang et al. (2004) . They found that root biomass of black locust mainly concentrated within 30-90 cm distance from trees in the southern region of the Loess Plateau, China. Compared with the root biomass in the distance of 50-150 cm, the lower fine root biomass of black locust or velvet ash at short distance (less than 50 cm) from the stem may be due to shading (Kessler 1992) or reduced temperature (Jonsson et al. 1999) . However, the lower fine root biomass of black locust or velvet ash at long distance (more than 150 cm) may be due to belowground competition for water and nutrients because of overlap between the two trees. The distribution of fine roots indicated that velvet ash had a more dominant and explorative fine root system than black locust in the coastal saline soil.
Compared with black locust, SRL, SRA and SRV of fine roots were higher for velvet ash. Trees could not only respond to the presence of competitors by changes in their fine root biomass and spatial distribution, but also with modification of fine root morphological traits such as specific root length, root tissue density, and specific area (Kucbel et al. 2002) . According to previous researches (Eissenstat and Yanai 1997; Jackson et al. 1997; He 2000) , the length and surface area of fine roots are assumed to be proportional to resource acquisition (water and nutrients in soil). Compared with black locust, SRL, SRA and SRV of velvet ash were significantly higher, which indicated that the fine root morphology of velvet ash is beneficial for plant growth. It is well known that root activity is an important factor for growth, vitality and stress tolerance of trees (Lyr and Garbe 2005) . In our study, the root activity of velvet ash was much higher than that of black locust in soil profile, indicating that the viability of the former's fine root was higher than the latter. Differences in the distribution, morphology, activity of fine root are the response to the differences of the environment, where the fine roots are growing. The planted forests in the Yellow River delta of China are at risk due to high soil salinity and low soil fertility. In the mixed forest selected in this study, the soil type and afforestation time are the same for black locust and velvet ash. The mixed forest was established on native grassland and no fertilizer had been applied to the land. Therefore, the rhizosphere soils of two tree species will have had similar initial conditions, and subsequent differences in soil properties could be mainly ascribed to the effects of tree species. The soil analysis supported our hypotheses that rhizosphere soil properties differed significantly between black locust and velvet ash in the mixed planted forest.
High concentration of fine root biomass in the topsoil can benefit the soil fertility through root exudates, formation of root channel, and return of organic mass and nutrients through root turnover (Yang et al. 2004 ). In our study, rhizosphere soil of velvet ash at 0-20 cm depth was characterized by higher contents of organic matter, available P and available K than corresponding variables in black locust. Unlike P and K, available N content in rhizosphere soil of velvet ash was lower in contrast with black locust. The possible explanation is that black locust is a tree species with N 2 -fixing symbionts, which could increase soil N content in rhizosphere. According to the results of Vitousek and Walker (1989) , the N 2 -fixing black locust species can supplement nitrogen pools and increase rates of nitrogen cycling and availability. In this study, some nodules were found on the fine roots of black locust and pink-red pigmentation in the interior was related to the presence of active leghemoglobin, which indicated that the nodules were fixing N 2 .
Several studies have shown that soil pH can be lower in afforested land in comparison with grassland (Groenendijk et al. 2002; Jobbágy and Jackson 2000) . Compared with non-rhizosphere soil, a significant decrease of pH in rhizosphere soil was found in both black locust and velvet ash. The effect in velvet ash was relatively higher. The decrease of soil pH in the rhizosphere was beneficial for plant growth in saline-alkali soils of the Yellow River delta. Unlike soil pH, soluble salt contents in the rhizosphere soil of both trees was higher than the control. The soil salt accumulation in the rhizosphere of some plants has been found by other researchers (Yi et al. 2007; Riley and Barber 1970; Shen and Wang 1993) , which possibly is an effective way for plants to increase their tolerance to salt stress. The higher the salt tolerance a halophyte had, the higher the salt content in rhizosphere soil was observed (Zhao and Fan 2007; Sun and Xiao 2004) .
The fine root biomass and distribution can be considered as the response to growth competition of tree species. The relatively high fine root biomass of velvet ash compared to black locust, especially concentrating in the 0-20 cm soil layer, could increase its ability to absorb nutrients and water from soil and thus promote aboveground growth, resulting in higher DBH, tree height and canopy area. At the same time, more photosynthate could be allocated into roots. Higher photosynthate availability in the roots may increase C rhizodeposion to soil, which increases soil microbial activity and, consequently, nutrient availability. As a result, the properties of rhizosphere soil were enhanced, in turn, benefiting fine roots. Fine roots always concentrated in the soil layers with the highest nutrient supply (Kucbel et al. 2002) .
Conclusions
In costal saline soil of the Yellow River delta, the soluble salt content in the surface soil layer is relatively low compared to the deeper layers. In the mixed planted forest, the fine roots of black locust and velvet ash were concentrated in the topsoil of 0-20 cm, which would increase their acclimation capability to the saline soil. The fine root distribution of both species suggests a strategy of avoiding salinity rather than salt -tolerance. The fine root distribution and characteristics, and rhizosphere soil properties differed significantly between black locust and velvet ash, which was ascribed to the differences in their current growth status to some extent. By comparison, velvet ash showed stronger acclimation capability to coastal saline soil than black locust, with higher biomass, SRL, SRA, SRV and activity of fine roots as well as longer horizontal spread distance and better properties of rhizosphere soil.
